Overheating in residential buildings: Challenges and opportunities Dong Chen
Overheating in residential buildings can have an adverse impact on occupants' productivities, cause heat-related illnesses and in extreme cases lead to premature mortalities. Overheating occurs across different climates, can put increased pressure on electricity generation and transmission and increase the risk of power outages due to excessive peak cooling requirements. The overheating issue became prominent and attracted substantial public attention and research efforts, especially in European countries, due to events such as the 2003 heat waves which caused approximately 70,000 excess deaths in Europe. 1 The growing research efforts on overheating in residential buildings after the turn of the 21st century can be demonstrated by Figure 1 , which shows the number of published papers in the Web of Science Core Collection from 1990 to July 2019. There are around 350 relevant published papers during this 30-year period with 90% published in the last 10 years. In terms of the authors of these publications, approximately 40% were in the UK, 38% in other European countries and 22% in the rest of the world. Two special issues on overheating in buildings have been published in 2017 and 2019, respectively. 2, 3 Our Earth is warming with continuous record setting global temperatures for the last five years. June this year is the hottest June on record, while the passing July was Earth's hottest month ever recorded according to provisional data from the Copernicus Climate Change Service. Along with this year's severe consecutive June and July heatwaves in European countries which set all-time high temperature records in Belgium, France, Germany, Luxembourg, the Netherlands, the UK and many cities in Europe, overheating in residential buildings remains a significant challenge for the building community.
Overheating criteria
Although there are at least 40 overheating and heat stress indices for indoor and outdoor environments, there are currently no universally accepted definition and criteria for overheating in residential buildings. Zero Carbon Hub 4 defines overheating as a person experiencing excessive or prolonged high temperatures at home, which leads to adverse effects on comfort, health or productivity. Most referred overheating criteria in building designs are based on thermal comfort. However, a person's thermal comfort is affected by environmental factors: air temperature, radiant temperature, air movement speed and humidity, as well as personal factors: clothing, activity level and individual health and acclimatization conditions. Therefore, defining overheating based on thermal comfort is complex and subjective, and the evolution of overheating criteria is inevitably related closely to the advances in thermal comfort research. Throughout the later part of the 20th century, the widely accepted thermal comfort model is Fanger's predicted mean vote (PMV) and predicted percent dissatisfied (PPD) model. 5 The PMV/PPD method reduces thermal comfort to a steady-state heat balance equation. Overheating criteria such as the Chartered Institution of Building Services Engineers (CIBSE) Guide A: Environmental design 2006 6 were based on the PMV/PPD thermal comfort model, which sets static design maximum thresholds at 28 C for living areas and 26 C for bedrooms. Such simple static overheating thresholds are easy to use and communicate; however, static overheating thresholds do not consider occupant adaptation to local climates. 7 During the last two decades, adaptive thermal comfort models have increasingly been accepted. 8 The adaptive thermal comfort incorporates the strong relationship of a person's thermal comfort inside a building to the prevailing outdoor weather conditions for buildings that are typically naturally ventilated, which is more relevant to residential buildings. The overheating criteria for predominantly naturally ventilated residential buildings The latest CIBSE TM on overheating CIBSE TM59 10 specifies two overheating thresholds: an adaptive overheating threshold based on the adaptive thermal comfort in BS EN 11 with an hours of exceedance limit at 3% of the occupied hour during May to September and a static 26 C for night-time occupancy in bedrooms with an hour of exceedance limit at 1% of the annual hours between 10 pm and 7 am.
Although CIBSE TM52 and TM59 set important foundations for overheating criteria in residential buildings, cautions are required in applying these criteria. The adaptive thermal comfort criteria in BS EN 15251-2007 11 was developed using exclusive field test data from European countries. 8 The applicability of CIBSE TM52 and TM59 in countries outside Europe needs further investigations. For example, the fixed 26 C overheating criterion for bedrooms in CIBSE TM59 may be impossible to comply with in tropical climate regions for most naturally-ventilated houses even allowing additional cooling benefits of fans and natural ventilation air movement. Further, the adaptive thermal comfort models widely adopted in the building community, such as BS EN 15251-2007 11 and ASHRAE standard 55-2013, 12 were developed mainly with field test data from office buildings. Occupants at home have in general more adaptive opportunities than those in office buildings. A number of recent studies reported that both the neutral temperature, at which people feel neither too warm nor too cool, and the acceptable temperature deviation range from the neutral temperature in residential buildings are different from those in office buildings. 13 Further, the adaptive thermal comfort models in BS EN 15251-2007 11 and ASHRAE standard 55-2013 12 were based on aggregated data from large population numbers from different countries which do not reflect differences in the adaptation of specific groups or individuals when factors such as gender, age, culture etc. are considered.
14 Therefore, overheating criteria in residential buildings will be the subject of continued improvement with new findings in thermal comfort research.
With the establishment of CIBSE TM52 and TM59, overheating will likely be assessed and regulated in more countries. One challenge for building regulators is to provide an adequate set of overheating criteria for residential buildings fit for local climates and for various population groups. The overheating criteria should be not too restrictive to incur costly excessive measures and rule out naturally ventilated house design options leading to increased reliance on air conditioning; at the same time, not too loose to put occupants in potential overheating risks, especially for those vulnerable population groups, the elderly, infirm, socially isolated or the very young. All proposed overheating criteria should be based on thorough local research data.
Overheating and energy efficiency
Overheating is caused by the trapping of internal and/ or external heat gains, and the latter is predicted to worsen with further urbanization and global warming. Ironically, overheating became a major issue at the beginning of this century, due partially to the building energy efficiency policies that many countries have established in an effort to reduce energy use and mitigate global warming. 2, 15 Building energy efficiency regulations generally specify energy targets to achieve compliance with thermal comfort standards such as ASHRAE 55-2013, but overheating risk assessment is not required. Modelling and monitoring studies in different countries have demonstrated that without due consideration of overheating risks, modern energy efficient dwellings are more likely to overheat compared with low energy efficient buildings. 15, 16 This is particularly true in heating dominated but relatively temperate climates such as the UK and some southern cities in Australia. 2, 15 By focusing on reducing the heat losses in heating dominated temperate climates, building designs tend to reduce the external surface areas with smaller window sizes, airtight building envelopes, lower ceiling heights, reduced eaves and increased thermal insulation levels. These modern energy efficient houses often have less potential for natural ventilation, could trap internally generated heat as well as incoming solar heat gains, thus leading to overheating issues.
Overheating may be mitigated by shading, natural ventilation/night ventilation, proper arrangement of thermal mass including phase change materials and the reduction in internal heat gains. [16] [17] [18] Researchers also investigated the potentials of green roof, green wall, urban greening and vegetation as mitigation measures for overheating. 19 However, the increasing density of residential buildings in urban areas could further increase the urban heat island effect and reduce natural ventilation potentials. Therefore, along with further urbanization and projected global warming, research and innovations for achieving balanced or dual benefits of energy efficiency and reduced overheating risks for residential buildings will remain an important research area. 20 
Overheating assessment
For existing buildings, overheating risks may be assessed via monitoring during typical weather periods as specified in CIBSE TM52:
for the summer (cooling season) measurements at or above statistically average outside temperatures for the three warmest months of the year with clear sky. The measurement period for all measured parameters should be long enough to be representative, for example 10 days.
Such monitoring projects are expensive and innovative methods should be developed.
For residential building designs, assessment of overheating is commonly based on building simulations as specified in CIBSE TM52 and CIBSE TM59. 15, 16, 21, 22 One uncertainty in the assessment of overheating is occupant behavioural assumptions in residential buildings which can have significant impact on building thermal and energy efficiency performance. Another source of uncertainties in the assessment of overheating is the weather files used for building simulations. Currently, there is no consistent way on choosing the weather files for overheating assessment. Commonly, weather data for a year with a hot summer or with heat wave periods were used. 15, 21 Some also used typical meteorological year weather files. 16, 22 In the UK, CIBSE TM52 and CIBSE TM59 require the use of the local design summer year (DSY) weather file, which is the year with the third highest average dry-bulb temperature from April to September during a 20-year period. Although DSY provides a simple methodology for selecting weather files for overheating assessment, studies have shown several disadvantages in using the DSY weather files. 23 For example, due to the use of the average warm half year temperature, the DSY may be selected with a consistently warm year without peaks, which is important for assessing the severity of overheating. 23 Further, since residential buildings today may be in service in the next few decades, how to incorporate projected global warming into weather files for overheating risk assessment is another challenge for the building community. 24 Consequently, research in weather file preparation methodology will continue for overheating assessment in residential buildings.
Conclusion
Overheating in residential buildings has increasingly been the focus of research, especially during the last decade. With the increasing urbanization, projected future global warming and further stringency in building energy efficiency, overheating in residential buildings will remain a challenge, and at the same time, provides opportunities for research and innovations for the building community. We are expecting more research activities and publications on overheating in residential buildings in areas such as overheating criteria and standards, present and future weather file preparation, mitigation strategies during design and operation, balancing between overheating risk and energy efficiency and the monitoring of overheating risks in existing and new dwellings.
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